Yersinia enterocolitica organisms secrete Yop proteins via the type III pathway. Translational fusion of yop genes to ubiquitin or dihydrofolate reductase results in hybrid proteins that cannot be secreted. The folding of hybrids prevents their own transport, but it does not hinder the type III secretion of other Yops.
The type III secretion machinery of pathogenic yersiniae (Yersinia pestis, Y. pseudotuberculosis, and Y. enterocolitica) provides for bacterial escape from phagocytic killing and is encoded by a 70-kb virulence plasmid (15) . Twenty-one ysc (mnemonic for Yop secretion) genes encode secretion machinery components that promote transport of 14 Yops (mnemonic for Yersinia outer proteins) across the bacterial double-membrane envelope (15) . The secretion signal of Yop proteins has been mapped by fusing the open reading frame of yop proteins to the 5Ј end of coding sequence for reporter proteins, thereby generating translational hybrids (38) . Fusion of yop coding sequences to the 5Ј end of the adenylate cyclase-encoding domain of cya (23) results in the secretion of Yop-Cya fusions in a manner resembling that of the type III transport of native Yops (51) . lacZ encodes ␤-galactosidase (29) , a large (116-kDa) cytoplasmic polypeptide that assembles into a tetrameric structure (12) . The type III secretion of yop fusions to fulllength lacZ has not yet been examined. The first 92 codons of lacZ (lacZЈ) specify the ␣-peptide, a module that unfolds readily but also provides for the alpha complementation phenotype of certain lacZ alleles (33) . Fusion of lacZЈ to the 3Ј end of Yersinia Yops results in the transport Yop-LacZЈ hybrids into the extracellular medium (38) . npt encodes neomycin phosphotransferase, a cytoplasmic protein that confers bacterial resistance to aminoglycoside antibiotics (47) . Similarly to Cya and LacZЈ fusions, Yop-Npt hybrids are also transported by the type III secretion machinery (3) .
Fusion of the first 15 codons of yopE, yopH, yopN, or yopQ to the 5Ј end of cya or npt leads to the type III secretion of hybrid Yop proteins (1, 3, 5, 49, 50) . Sory and Cornelis proposed that the amino acid sequence generated by the first 15 codons functions as a signal peptide and mediates substrate recognition by the type III machinery (51). Lloyd et al. developed this model further, predicting an amphipathic helical structure as a common substrate property of all Yop signal peptides (35, 36) . yop secretion signals (codons 1 to 15) have been altered by frameshift mutations immediately following the AUG start codon, while reporter expression was restored by suppressor mutations at the fusion site. Several of these frameshift mutations do not affect secretion signaling, albeit the peptide sequence is completely altered (1) (2) (3) 5) . yopQ signal mutations with a defect in secretion in which the mRNA sequence is changed without affecting the codon specificity (synonymous mutations) have been described (44) . Thus, it appears that yop mRNA may function as a signal for the type III secretion of Yop proteins (4) . The two models vary considerably in predicting the mode of substrate recognition. Future work will need to provide more definitive proof to reveal the mechanisms of type III secretion.
Much of the thought on type III secretion is influenced by observations that were previously made with other protein secretion pathways (9) . Signal peptides are hydrophobic sequences at the N terminus of precursor proteins that initiate polypeptides into the secretory pathway, a mechanism that translocates proteins across membranes (10) . Signal peptides provide for substrate recognition by interacting with the SecYEG translocon in the plasma membranes of bacterial cells (7, 21) . Once the precursor protein is translocated across the membrane, the signal peptide is removed by signal peptidase (leader peptidase) and the mature polypeptide is released from the secretion machinery (17) . Transport by the Sec machinery occurs only when proteins assume an unfolded state and often requires the association of substrate with chaperones (32) . Chaperones bind to the hydrophobic core residues of unfolded globular proteins (45) and are dissociated from the secretion substrate when a mobile machinery component, the ATPase SecA, moves precursor proteins across the plasma membrane (18, 24) . A second transport pathway that involves the recognition of signal peptides in nascent polypeptides has been revealed (55). The signal recognition particle (SRP) binds to the signal peptide and the ribosome (42, 56) . The complex between SRP, signal peptide of nascent polypeptide, and ribosome docks on the SRP receptor (34, 37) . The ribosome is subsequently lodged onto the SecYEG secretion channel to promote cotranslational secretion of the remainder of the polypeptide chain (43, 57) .
To identify bacterial machinery components that interact with signal peptides, previous work used several different strategies. Translational fusions between lamB and malE, encoding two secreted (signal peptide-bearing) proteins whose expres-sion is induced by maltose, and lacZ, specifying a cytoplasmic protein, cause the resulting hybrid proteins to jam the secretion pathway and to confer a maltose-sensitive growth phenotype (27, 41) . Selection for maltose resistance led to the isolation of mutations that abolished the signal peptide function of lamB (20, 30) . Mutations in secretion genes could be identified as conditional lethal mutations that confer increased LacZ activity due to the decreased initiation of the hybrids into the secretory pathway (8, 41, 48) . The genetic strategies of identifying secretion machinery components are based on a single principle: signal peptide-bearing polypeptides are by default initiated into the secretion pathway and cannot be discarded unless the signal peptide is removed. Mutations in one secretion gene, secB, encoding the secretion chaperone, represent an important exception to this rule. Escherichia coli lacking the secB gene allows premature folding of the MalE precursor without initiating this polypeptide into the secretion pathway (46) . This report examines whether the principle of a default mechanism for the initiation of polypeptides into the secretion machinery is applicable to the type III pathway of Y. enterocolitica.
Ubiquitin (Ub), a 76-residue polypeptide, folds rapidly into a compact, protease-resistant structure of five ␤-strands and four turns of ␣-helix (54) . When fused to the C terminus of signal peptide-bearing precursor protein, the Sec pathway of Saccharomyces cerevisiae cannot translocate folded ubiquitin in a posttranslational manner across the endoplasmic reticulum (ER) membrane (28) . Nevertheless, the SRP pathway of yeast does promote cotranslational transport of Ub if a sufficiently long spacer (more than 33 residues) separates the signal peptide and the Ub domain (28) . Presumably, synthesis and folding of Ub fusion precursors in the cytoplasm are prevented by SRP-mediated arrest of translation. Once ribosomes are docked on the secretion channel in the ER membrane, cotranslational secretion proceeds at efficient speed and within space constraints that prevent Ub folding.
The Ub-coding sequence was cloned into the middle of reporter genes flanked by 5Ј yop and 3Ј npt sequences, inserted into the low-copy-number plasmid pHSG576 (53) , and transformed into yersiniae (13) ( Table 1 lists the properties of plasmids and strains used here). Overnight cultures of Yersinia were diluted 1:50 into fresh tryptic soy broth, supplemented with 5 mM EGTA, grown for 2 h at 26°C, and induced at 37°C for 3 h. Cultures were centrifuged at 15,000 ϫ g for 15 min, and the supernatant (S) was separated from the cell pellet (P). Proteins in both fractions were precipitated with trichloroacetic acid (TCA), washed in acetone, and suspended in sample buffer. Proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotting. Expression of yopE -Ub gene-npt in Y. enterocolitica led to the accumulation of the polypeptide in bacterial cells but did not result in type III secretion of YopE 1-220 -Ub-Npt (full-length YopE fusion) (Fig. 1A and B) . In contrast, YopE 1-220 -Npt was secreted efficiently into the extracellular medium (Fig. 1B) . A similar result was observed for YopQ-Ub fusions. YopQ Npt (full-length YopQ fusion) was secreted via the type III pathway, whereas YopQ 1-198 -Ub-Npt was not (Fig. 1C) . To test our conjecture that the defect in type III secretion is caused by the folding of Ub domains, we analyzed Ub fusions carrying amino acid substitutions. Ub Gly3,13 cannot assume the tightly folded structure of native Ub and does not act as a substrate for Ub proteases (6) . Because of their folding defects, Ub Gly3,13 fusions are translocated across the Sec channel in the yeast ER membrane in both co-and posttranslational manners (28) . Expression of YopE 1-220 -Ub Gly3,13 -Npt and YopQ -Ub Gly3,13 -Npt in Y. enterocolitica resulted in their secretion, indicating that it is indeed the tight folding of the Ub domain that prevents the type III transport of YopE 1-220 -UbNpt and YopQ 1-198 -Ub-Npt (Fig. 1) .
YopE can be initiated into the type III pathway in one of two ways. The secretion signal in the first 15 codons promotes secretion of the polypeptide by the type III machinery (3). SycE is a small homodimeric polypeptide that binds to YopE amino acid residues 15 to 100 in the bacterial cytoplasm (13). It is not yet certain whether SycE binding functions as a secretion chaperone in maintaining protein substrates in an unfolded or export-competent conformation (13, 14, 58) . Nevertheless, binding of SycE to amino acid residues 15 to 100 also allows the initiation of YopE transport, even in the absence of codons 1 to 15 (13) . To test whether fusions of the yop secretion signal in the first 15 codons are capable of promoting type III secretion of Ub fusions, we expressed YopE 1-15 -Ub-Npt Fig. 1 ; also data not shown). The results suggested that the type III secretion pathway, a presumed channel within the needle structure (25, 31) , cannot be occluded by folded proteins carrying Yop secretion signals. It should be emphasized that this property of the Yersinia type III machinery is distinct from that of other secretion pathways in which recognition of signal peptides leads to a productive and irrevocable interaction between a protein substrate and its translocation machinery.
To test the generality of this conjecture, we examined the secretion of YopE fusions to mouse dihydrofolate reductase (DHFR). Translational fusion of genes encoding mitochondrial precursor proteins to DHFR results in hybrid proteins that can be transported into mitochondria, because secretion chaperones unravel the folded precursor prior to translocation (26) . Incubation of the in vitro translocation substrates with methotrexate, an active-site ligand of DHFR, irreversibly arrests the fused DHFR domain in a fully folded conformation and jams the import machinery (19) . Fusion of an N-terminal signal peptide to DHFR causes degradation of the hybrid protein in the cytoplasm of E. coli (22) . No secretion of the signal peptide DHFR hybrid was observed; however, it was also not clear whether the hybrid protein is capable of jamming the secretory pathway (22) . Fusion of the DHFR C terminal to the secretion signal of E. coli hemolysin (HlyA) also did not lead to efficient secretion (39) . Thus, although DHFR can be transported across membranes by the mitochondrial import machinery, not all membrane translocators can achieve the unfolding of DHFR.
To explore the fate of DHFR in the Yersinia type III pathway, YopE-DHFR hybrids were expressed in Y. enterocolitica W22703 (wild type) (Fig. 2) . Even in the absence of methotrexate, yersiniae secreted only very small amounts of YopE 1-220-DHFR (less than 5%) into the medium and altogether failed to transport YopE 1-15 -DHFR (Fig. 2) . Expression of YopE 1-220 -DHFR or YopE 1-15 -DHFR in ⌬(yopE) or ⌬(sycE) mutant strains did not alter the ability of yersiniae to transport either native Yops or the hybrid proteins ( Fig. 2 ; also data not shown). As previously reported, the ⌬(sycE) mutant strains contain less YopE or YopE fusion than do wild-type yersiniae ( Fig. 2 ; also data not shown). Together these data suggest that SycE cannot unfold the fused Ub or DHFR domains and that fused. Ub represents wild-type ubiquitin, whereas Ub Gly3,13 carries two mutations that substitute codons 3 (isoleucine) and 13 (isoleucine) with glycine codons, causing destabilization of the folded polypeptide. Npt, neomycin phosphotransferase. (B) Y. enterocolitica strain W22703 (wild type) was transformed with plasmids listed in Table 1 , grown in tryptic soy broth supplemented with 5 mM EGTA, and induced for type III secretion by a temperature shift to 37°C. Cultures were centrifuged, and the extracellular medium was separated with the supernatant (S) from the bacterial pellet (P). Proteins were precipitated with TCA, suspended in sample buffer, separated on sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and analyzed by immunoblotting with specific antibody (␣-Npt, ␣-YopR, or ␣-Cat). (C) Y. enterocolitica strain W22703 (wild type) was transformed with plasmids encoding the yopQ hybrids described for panel A and analyzed as described for panel B.
the function of SycE is limited to the substrate recognition of YopE.
One simple explanation for a failure of fusion proteins to block the type III pathway could be their aggregation in the bacterial cytoplasm. To test whether fusion proteins are soluble in the cytoplasm, bacterial extracts were generated in a French pressure cell (14,000 lb/in 2 ) and unbroken cells were removed by slow-speed centrifugation (4,000 ϫ g for 15 min). The supernatant was removed, and lysates were subjected to ultracentrifugation at 100,000 ϫ g for 30 min. Soluble supernatant and insoluble sediment were separated and analyzed by immunoblotting. Most of YopE 1-220 -Npt, YopE 1-220 -Ub-Npt, and YopE 1-220 -Ub 3,13 -Npt did not sediment at 100,000 ϫ g and remained in the supernatant (Fig. 3) . Thus, it appears that the fusion proteins are soluble in the bacterial cytoplasm and do not form aggregates that are hindered in their interaction with the type III secretion machinery.
We wish to propose a model that accounts for all of the observations reported here. Yop fusions to folded domains are not permanently engaged by the type III machinery but are rejected from the pathway (presumably once and for all) shortly after the synthesis of the secretion signal has been completed. If the secretion signal is recognized and the substrate is accommodated by the type III machinery, transport will be initiated and completed. If, however, the secretion signal is recognized and the substrate cannot be accommodated, the protein will be rejected and cannot be reconsidered (or reinitiated) for transport by the type III machinery. Are this model and the data reported here compatible with the signal peptide hypothesis whereby an amphipathic helical peptide initiates substrates into the type III pathway? We think the results argue against a signal peptide mechanism of type III secretion, as this model would predict the initiation of signal peptide-bearing substrates as well as the block of a pathway charged with substrates that cannot be transported. In contrast, the RNA signal hypothesis may account for the observed substrate rejection within the type III secretion pathway. Assuming that the RNA signals of yop transcripts couple translation to secretion of the polypeptide, one could predict that the N-terminal portion of Yops is initiated into the type III pathway. Once the polypeptide has been completed and is folded, the rejected Yop-Ub or Yop-DHFR hybrids cannot reenter the pathway because the protein product has been separated from the RNA signal.
We think it unlikely that an entire Yop protein is transported in a cotranslational, unfolded manner, as the needle structures are longer than a linear polypeptide of 220 residues (3). Yop fusions to small (76-residue ubiquitin, 8-kDa) or medium-sized (187-residue DHFR, 21-kDa) domains are obviously permitted to fold and can be rejected at an undefined step along the pathway. We wondered whether the size of the type III machinery is incompatible with the size of folded ubiquitin or DHFR. By using the crystallographic coordinates and computer simulation (40, 54) , conservative estimates for the smallest diameters of folded ubiquitin and DHFR are 22 and 27 Å, respectively (data not shown). The diameter of the lumen of type III needle, a conduit through which Yop proteins are presumed to travel, is measured at about 20 Å (11, 25, 31) . Thus, it seems that folded Yop proteins (52) or Yop fusions to folded ubiquitin or DHFR are too large to be transported through the lumen of the needle structure. In summary, we conclude that substrate recognition of type III machines occurs by unique mechanisms with governing principles that are distinct from those of co-and posttranslational translocation by the Sec pathway.
